Background: Endophenotypes reflect more proximal effects of genes than diagnostic categories, hence providing a more powerful strategy in searching for genes involved in complex psychiatric disorders. There is strong evidence suggesting the P3 amplitude of the event-related potential (ERP) as an endophenotype for the risk of alcoholism and other disinhibitory disorders. Recent studies demonstrated a crucial role of corticotropin releasing hormone receptor 1 (CRHR1) in the environmental stress response and ethanol self-administration in animal models. The aim of the present study was to test the potential associations between single-nucleotide polymorphisms (SNPs) in the CRHR1 gene and the quantitative trait, P3 amplitude during the processing of visual target signals in an oddball paradigm, as well as alcohol dependence diagnosis.
P SYCHOSOCIAL STRESS HAS been suggested to be an important risk factor for precipitating the development of dependence on alcohol and other substances of abuse. Preclinical and clinical studies have shown an increase in alcohol drinking following stress (Sillaber et al., 2002; de Wit et al., 2003) . The neuroendocrine mechanism of the stress reaction is primarily mediated through the hypothalamicpituitary-adrenal (HPA) system. Corticotropin releasing hormone (CRH) is released from the hypothalamus when an individual is exposed to stressful signals including alcohol intake and binds to the corticotropin releasing hormone receptor 1 (CRHR1) in the pituitary gland (Bittencourt and Sawchenko, 2000) . Activation of the HPA system in response to alcohol may differ among individuals because of family history of alcoholism. For example, lower levels of adrenocorticotropin (ACTH, (Schuckit et al., 1988) and cortisol (Schuckit et al., 1987) were found after ingestion of a high dose of 0.88 g ⁄ kg ethanol in sons of alcoholics compared to control males; subjects with a positive family history of alcoholism had an increased cortisol response to the stimulation of the HPA system induced by intravenous injection of the opiate antagonist naloxone (Wand et al., 1999) ; sons of alcohol-dependent fathers were more sensitive to the alcoholinduced attenuation of ACTH response to psychosocial stress than family history negative controls (Zimmermann et al., 2004) .
In addition to the involvement of the HPA system, studies reported that corticotropin releasing hormone (CRH, also known as corticotropin releasing factor, CRF) may play an important role in negative mood states and in the negative affective aspects of drug withdrawal (Koob, 1999) . Spontaneous alcohol or cocaine withdrawal has been shown to elevate extracellular CRH levels in the central nucleus of the amygdala, a brain area implicated in anxiety response (Merlo Pich et al., 1995; Richter and Weiss, 1999) . Antagonism of CRH receptors decreases anxiety-like behavior associated with withdrawal from alcohol, cocaine, and other drugs of abuse (Heinrichs et al., 1994; Lu et al., 2001; Overstreet et al., 2004) . Corticotropin releasing hormone receptor 1 (CRHR1) antagonists have been shown to reduce ethanol self-administration in ethanol-dependent rats (Funk et al., 2007) and to decrease the operant responding for ethanol in rats with a history of ethanol vapor exposure after acute withdrawal (Valdez et al., 2002) . Furthermore, genetic polymorphism in the Crhr1 promoter region was found to be associated with a lowered threshold for stress-induced reinstatement of alcohol seeking in a strain of rats that were genetically selected for high alcohol preference (Hansson et al., 2006) . In the Crhr1-knockout mouse model, mice lacking the Crhr1 receptor, but not the highly homologous Crhr2 receptor, exhibited impaired stress response and reduced anxiety under basal conditions and during alcohol withdrawal (Timpl et al., 1998) . A recent study in human subjects suggests that treatment with a high-affinity CRHR1 receptor antagonist NBI-34041 did not impair the diurnal HPA secretion but attenuated the neuroendocrine response to psychosocial stress (Ising et al., 2007) . These results suggest that there may be an association between the genetic polymorphism in the CRHR1 gene and not only responsiveness to stress but also alcohol dependence or other substance-related disorders.
Event-related potentials (ERPs) provide a noninvasive tool to explore the characteristics of sensory processes and higher cognitive function in the brain. The P3 (or P300) component is possibly the best-studied ERP component. This positive electric potential deflection is elicited approximately 300-500 ms following the occurrence of infrequent stimuli during an oddball experiment paradigm. P3 is highly heritable (Katsanis et al., 1997; O'Connor et al., 1994) and provides quantitative endophenotypes for disinhibitory disorders including alcohol-related or substance-related disorders, conduct disorder, attention-deficit hyperactive disorder (ADHD), and antisocial personality disorder (ASP) (Hesselbrock et al., 2001; Porjesz et al., 2005) . Endophenotypes, or intermediate phenotypes, are closer to gene action than diagnostic categories, and therefore they provide a more powerful strategy in searching for genes involved in complex (non-Mendelian) psychiatric diagnoses Gottesman and Gould, 2003; Porjesz et al., 2005) . By using this strategy, analysis of brain oscillation data from the Collaborative Study on the Genetics of Alcoholism (COGA) has revealed significant linkage on a number of chromosomes as well as positive association with single-nucleotide polymorphisms (SNPs) within candidate genes for disinhibitory disorders (e.g., Begleiter et al., 1998; Porjesz et al., 2004) .
Recent studies using whole genome linkage scans have identified linkage peaks with genome-wide significant LOD scores of 3.5 for resting electroencephalogram (EEG) alpha and beta power in the region of chromosome 5q13-14, where the corticotropin releasing hormone-binding protein (CRH-BP) gene resides at the apex of these convergent linkage peaks (Enoch et al., 2008) . Association studies of SNPs in the CRH-BP gene were also found to be significant with EEG alpha power. Moreover, the same SNPs and haplotypes located within the CRH-BP haplotype block were also associated with anxiety disorders in the Plains Indians and alcohol use disorders in the Caucasians (Enoch et al., 2008) . These results suggest a possible role for CRH-BP in stress-related alcoholism. The data also indirectly suggest that there may be an association of other genes in the CRH system with EEG and alcohol dependence. The physiological function of CRH-BP is still not clear. CRH-BP is thought to modulate CRH activity, because a large proportion (65-90%) of total CRH forms a complex with CRH-BP, and is therefore unavailable for receptor activation in the baseline conditions (Westphal and Seasholtz, 2006) . In addition, a recent study in rhesus macaques (Barr et al., 2008) showed that a functional single-nucleotide polymorphism in the CRH gene that is associated with sensitivity of the CRH promoter to glucocorticoids in vitro and CSF levels of CRH may also be involved in increased alcohol consumption in the social group, an animal model for high-risk alcohol-seeking behavior. Taken together, these results strongly suggest that genetic variations in the CRH system play important roles in alcohol dependence.
To determine the possible contribution of the CRHR1 gene to alcohol dependence in humans, we investigated a large sample of 1049 Caucasian adults from multiplex families recruited from alcoholic probands in this study. We report here significant associations between SNPs in the CRHR1 gene and the quantitative trait of the P3 amplitude of the event-related potential during processing of target visual signals as well as the diagnosis of alcohol dependence, a dichotomous endpoint phenotype.
METHODS

Subjects
The samples included in this study were recruited and tested as part of the COGA, a large multisite national study implemented with the purpose of identifying genetic loci linked with the predisposition to develop alcoholism and other related disorders. Data from six COGA sites were included in this analysis: SUNY Downstate Medical Center, Brooklyn, New York; University of Connecticut Health Science Center; Indiana University School of Medicine; University of Iowa School of Medicine; University of California School of Medicine, San Diego; and Washington University School of Medicine, St Louis. Ascertainment and assessment procedures have been outlined previously (Begleiter et al., 1995; Foroud et al., 2000; Reich et al., 1998) .
All probands were recruited from alcohol or other substance dependence treatment facilities, and met DSM-IIIR criteria for alcohol dependence and Feighner definite criteria (COGA criteria). In addition to the probands, the study required two additional firstdegree relatives who were alcohol dependent by the same COGA criteria on direct interview. Semi-Structured Assessment for the Genetics of Alcoholism, SSAGA, a polydiagnostic instrument designed by COGA with well-established reliability (Bucholz et al., 1994) and validity (Hesselbrock et al., 1999) , was administered in person to determine psychiatric diagnoses in all family members. Subjects completed a neuropsychological battery and family history questionnaire and EEGs ⁄ ERPs were recorded.
A Caucasian-only subset of sample comprising 209 families and 1049 individuals was used in the genetic association analysis (containing 472 individuals diagnosed as alcohol dependent by DSM-IV). Details of the demography of the subjects included in this study were reported in our recent study (Chen et al., 2009 ) and summarized in Table 1 . Briefly, between alcoholic and unaffected groups, there was no significant difference in age (unaffected: 39.30 ± 0.55, mean ± SEM, ranging from 18.09 to 70.41 years old; alcohol dependence: 39.60 ± 0.61, ranging from 17.94 to 73.38), common co-occurring psychiatric disorders, e.g., antisocial personality disorder, major depression, bipolar disorder, obsessive compulsive disorder (Schizophrenia is an exclusion in recruitment.), and other substance dependence except that there was an almost five-time increase in cannabis dependence in alcoholic group. There were slightly more males among the alcoholics (M ⁄ F ratio = 237 ⁄ 235 = 1.01) than the unaffected (M ⁄ F ratio = 274 ⁄ 303 = 0.90) in this dataset.
Prior to administration of the neurophysiology test battery, alcoholic subjects had been detoxified in a 30-day treatment program, and none of the subjects was in the withdrawal phase. Subjects were excluded from the neurophysiology protocol if they manifested any of the following: uncorrected sensory deficits, hepatic encephalopathy ⁄ cirrhosis of the liver, history of significant head injury, seizures or neurosurgical procedures, other acute ⁄ chronic medical illness, were on medication known to influence brain functioning (e.g., any psychotropic medications), or tested positive for HIV. Subjects were also excluded on the basis of recent (i.e., 5 days) substance and ⁄ or alcohol use, based on self-report as well as breath-analyzer and urine screen. In addition, all subjects were screened for cognitive status, using the Mini Mental State Examination (MMSE, Folstein et al., 1975) .
Event-Related Potential Data Acquisition and Signal Analysis
Subjects were seated in a comfortable chair located in a dimly lit sound-attenuated RF-shielded room (IAC, Industrial Acoustics, Bronx, NY) in front of the computer monitor placed one meter away. EEG activity was recorded on a Neuroscan system (Version 4.1) (Neurosoft, Inc., El Paso, TX) using a multichannel electrode cap (Electro-cap International, Inc., Eaton, OH), which included 19 electrodes of the 10-20 International System and 42 additional electrode sites (Electrode Position Nomenclature, American Electroencephalographic Association, 1991), as shown previously . The electrodes were referenced to the tip of the nose, and the ground electrode was at the forehead (frontal midline). Artifact-free data obtained from the 7 posterior channels were included for genetic analyses of visual P3 amplitude.
Details of the visual oddball paradigm for eliciting event-related potential employed in the present study have been previously described (Chen et al., 2007; Porjesz et al., 1998) . It consists of presentation of three types of visual stimuli (N = 280), 60 ms duration, subtending a visual angle of 2.5°, with an inter-stimulus interval of 1.625 second. The rare target stimulus (n = 35) was the letter X, to which the subject was required to press a button as quickly as possible; the responding hand was alternated across subjects to counterbalance any laterality effects because of responding. Speed was emphasized, but not at the cost of accuracy. The frequently occurring nontarget stimuli (n = 210) were squares and the novel stimuli (n = 35) consisted of colored geometric polygons that were different on each trial; the subject was not required to respond to the nontarget or novel stimuli.
The visual P3 (VP3) amplitude was measured as the voltage difference between the prestimulus baseline and the largest positive going peak in the latency window 300-600 ms after stimulus onset. For each individual, the amplitude and latency measures were calculated using a semi-automatic peak-picking program, wherein the time window for each component was manually selected in the computer while the peak within the window was automatically detected, measured, and tabulated for each channel. However, operator intervention was possible during the process to ensure that the computer did not make anomalous peak selections. Each subject had a minimum of 20 good trials in each condition. The grand averages were computed and plotted to determine the components and time windows .
Genotyping
Publicly available databases dbSNP (http://www.ncbi.nlm.nih.gov/ SNP/) and HapMap (http://hapmap.ncbi.nlm.nih.gov/) were used to identify SNPs within the CRHR1 gene, which is located on Chromosome 17q12-q22. Genotyping was performed using Sequenom MassArray technology (http://www.sequenom.com, San Diego, CA), homogenous MassEXTEND (hME). PCR primers, termination mixes, and multiplexing were determined with Sequenom MassARRAY Assay Designer software v3.1.2.2. The hME assay was carried out following standard procedures, and genotype spectra were analyzed with the Sequenom SpectroTYPER software v3.4. All genotypic data were checked for Mendelian inheritance of marker alleles with the USERM13 (Boehnke, 1991) option of the MENDEL linkage computer programs, which was then used to estimate marker allele frequencies. Chi-square tests were used to ensure that all SNPs were in Hardy Weinberg equilibrium.
Genetic Analyses
Age and gender were regressed before genetic analysis of the P3 amplitude of the ERP. The quantitative transmission disequilibrium test (QTDT) was used to test population stratification, total association, and within-family association with each of the SNPs and the P3 amplitude of the ERP. QTDT, one of the most popular family-based linkage disequilibrium tests, is able to avoid spurious evidence of association in the presence of population stratification. In the QTDT framework, association effects are partitioned into orthogonal between-family and within-family components. The between-family association can be impacted by population structure. Within-family association, however, is significant only if there is linkage disequilibrium and is robust to population stratification ⁄ admixture. The total association tests use all information including within-family and between-family components, and are proper only if there is no population stratification ⁄ admixture. The withinfamily association results were reported if the test of population stratification was significant, otherwise, the total association (i.e., measured genotype; Boerwinkle et al., 1986 ) results were reported.
Family-based association tests (FBAT) (Rabinowitz and Laird, 2000) was used for genetic association analyses of alcohol dependence diagnosis. FBAT builds also on the original transmission disequilibrium test (TDT) method (Spielman and Ewens, 1996) in which alleles transmitted to affected offspring are compared with the expected distribution of alleles among offspring. The approach compares the genotype distribution observed in the ''cases'' to its expected distribution under the null hypothesis; in this case, the null hypothesis tested was ''no linkage and no association'' (Lange and Laird, 2002) .
Haplotype frequencies were estimated using a Bayesian approach implemented with the FBAT software, which carries out a familybased test for association and ⁄ or linkage between the haplotype locus and any trait influencing gene. These haplotype frequencies closely agreed with results from a maximum likelihood method implemented via an expectation-maximization (EM) algorithm (Long et al., 1995) . Haploview V. 2.0.2 (Whitehead Institute for Biomedical Research, Cambridge, MA) was used to produce LD matrices. Haplotype blocks were reconstructed using the pairs of markers with LD greater than 0.8 (Gabriel et al., 2002) .
In this study, both a quantitative trait, P3 amplitude of the ERP, and a dichotomous variable, alcohol dependence by DSM-IV criteria, were the phenotypes tested. False discovery rate, FDR (Benjamini and Hochberg, 1995; Storey and Tibshirani, 2003) , was calculated to correct for multiple comparisons using the method developed by Storey and Tibshirani (2003) .
RESULTS
Among the 10 SNPs that we have genotyped, 1 SNP (rs991246, located upstream of the CRHR1 gene) had a very low minor allele frequency (MAF) 0.0024, and was omitted from analysis. Pair-wise estimates of linkage disequilibrium between the remaining 9 CRHR1 SNPs in this study are shown by Haploview in Fig. 1 . The SNPs showing the strongest association with the visual P3 amplitude and with alcohol dependence phenotypes (Table 2) are in strong linkage disequilibrium (LD) with one another (Fig. 1) . Table 2 summarizes the results of the total association test of QTDT with the P3 amplitude of the event-related potential in the posterior electrodes and the results of FBAT with diagnoses of alcohol dependence. Multiple significant genetic associations (p < 0.05) were identified with the P3 amplitude of ERP and the SNPs in the introns 1, 2, 3, and 4, and untranslated regions of exon 13 of the CRHR1 gene. These positive results were not because of population stratification as examined by the quantitative transmission disequilibrium test (QTDT) program (p-values for population stratification are all >0.05). Of note, most SNPs that were significantly associated with the quantitative trait phenotype (P3 amplitude) were also associated with alcohol dependence.
False discovery rate (FDR) was calculated to correct for multiple comparisons with the quantitative trait, visual P3 amplitude. We found 38 significant tests, and five false positives are expected under the traditional p-value cutoff criterion (0.05). If the p-value cutoff point is set to 0.01, it yields 17 significant tests, where only 1 positive result is expected by chance.
To confirm that the association between CRHR1 and P3 found in the current study was not attributed to the genetic association with alcohol-dependent subjects, which are known to have low P3 amplitude in previous studies, we performed an additional transmission disequilibrium test (TDT) on the nonaffected subjects only. The results (Table 3) demonstrated that the association between the variations of CRHR1 and P3 amplitude is independent of the state of alcohol dependence.
The LD pattern as computed with Haploview ( Fig. 1) indicates that all 9 SNPs are in fairly strong LD with each other. The positive SNP associations extend over both blocks; however, the LD figure displays two blocks based on a more conservative definition. Therefore, for haplotype analysis, we have derived haplotypes from all 9 SNPs as they appear to be within one haplotype block. Table 4 summarizes the haplotype frequencies (of those 8 haplotypes with frequency greater than 0.01) and the respective p-values resulted from the haplotype analyses with the continuous phenotypes of P3 amplitude in the seven posterior electrodes and with the dichotomous diagnostic phenotype of alcohol dependence by DSM-IV. The most common haplotype, H1 (121111112), is over-transmitted to individuals with reduced P3 amplitude (Table 4 and Fig. 2 ).
DISCUSSION
The CRHR1 gene contains at least 14 exons spanning 20 kb of genomic DNA, and CRHR1 isoforms originate Table 2 (i.e., SNP1 = rs4076452, SNP2 = rs110402, etc.) 1 = allele 1; 2 = allele 2. from the same gene by alternative splicing (Sakai et al., 1998) . The findings presented here are the first to identify a significant association of the P3 amplitude, a quantitative trait endophenotype, and alcohol dependence with multiple SNPs from the introns and untranslated exons of the CRHR1 gene.
One of the important underlying mechanisms for developing alcohol abuse and relapse is negative reinforcement whereby alcohol reduces anxiety and other negative feelings, some of which occur in reaction to stress (Sinha, 2001) . CRH (CRF) is well known to mediate unconditioned and conditioned anxiety response after exposure to stress, and maladaptive responses to stress increase alcohol consumption and relapse (Koob, 1999; Sinha, 2001; Zimmermann et al., 2004) . Given the relationship among stress, alcohol abuse, and the CRH system, we hypothesized that CRHR1 is involved in the development of alcohol dependence as well as the abnormality of brain oscillations that have been shown to be associated with such dependence. In particular, a recent study demonstrated that both CRH and ethanol enhanced GABAmediated neurotransmission in central amygdala neurons from wild-type and Crhr2 knockout mice, but not Crhr1 knockout mice (Nie et al., 2004) . CRHR1 receptor (but not CRHR2) antagonists blocked both CRH and ethanol effects in wild-type mice (Nie et al., 2004) . These results suggest a pivotal role of CRHR1 receptor in modulating ethanol enhancement of GABAergic synaptic transmission in the central amygdala and lead us to consider a role for the CRHR1 gene in modulating the brain oscillations and in the predisposition to alcohol dependence. Our hypothesis was further supported by several studies (Brazdil et al., 1999; Watanabe et al., 2002) in intracranial ERPs, which demonstrated that amygdala is one of the major subcortical structures in the generation of P3 component of the ERP. Evidence indicates that dysregulation of the GABA neurotransmitter system may be involved in the development of alcohol dependence, including the fact that polymorphisms in genes encoding GABA receptor subunits have been shown to be associated with brain oscillations (endophenotypes related to alcohol dependence) as well as with the diagnosis of alcohol dependence Edenberg et al., 2004; Porjesz et al., 2002 Porjesz et al., , 2004 . In addition, medications that target the GABA A receptor system, including benzodiazepines, are often used in the detoxification and treatment of patients who are prone to withdrawal after alcohol binge drinking (Kosten and O'Connor, 2003) . The interaction with the GABAergic system may in part explain the mechanisms by which the CRHR1 receptor or the HPA system regulates the brain electrophysiology associated with alcohol dependence (P3 for example). Based on this evidence, we theorized that polymorphisms in the CRHR1 gene that alter the receptor's actions on GABAergic neurons in response to alcohol contribute to the variation of the endophenotype P3 amplitude of the ERP and to the vulnerability to development of alcohol dependence.
A recent study in individuals of European ancestry who suffer from alcohol dependence and children of high risk failed to detect any significant associations between individual SNPs or haplotypes in the CRHR1 gene with the alcohol-dependent phenotype by the DSM-IV criteria (Treutlein et al., 2006) . However, in the same study, an association was found between two SNPs, rs242938 in intron 3 and rs1876831 in intron 6 regions of the CRHR1 gene, and lifetime binge drinking and lifetime prevalence of drunkenness. In two other recent studies on individuals of European ancestry (Dahl et al., 2005; Soyka et al., 2004) , no association was found between CRHR1 SNPs and alcohol dependence. Of note, these earlier mentioned studies tested a relatively small population, ranging from 120 to 299 alcohol-dependent individuals with a similar number of unaffected subjects. Two of these three studies analyzed only the clinical diagnosis of alcohol dependence by DSM-IV. Only the Treutlein and colleagues (2006) study, which also had the largest sample size of 299 alcohol-dependent individuals, further characterized the specific patterns of alcohol consumption with which an association of two SNPs in the CRHR1 gene was found. Only two of the SNPs tested in those three studies correspond to the 10 SNPs in our study; rs1396862 in intron 4 and rs878887 in the un-translated region of Exon 13 were included in the studies by Dahl and colleagues (2005) and by Treutlein and colleagues (2006) . In addition to the heterogeneity of alcohol dependence, these factors may also contribute to the reasons why these three recent studies failed to identify significant association between SNPs in CRHR1 and alcohol dependence.
Following the identification of associations of two SNPs in intron 3 and intron 6 regions of CRHR1 with binge drinking in adolescents and with high amount of drinking in adults but not with alcohol dependence diagnosis (Treutlein et al., 2006) , the same research group recently investigated the interaction between these two SNPs in CRHR1 and negative stressful life events in adolescents at age 15, in an attempt to understand the mechanisms underlying the gene-environment interaction and alcohol drinking (Blomeyer et al., 2008) . Significant interactions between one SNP, rs1876831 in intron 6, and life stress on heavy drinking were found, revealing an effect of negative life events on heavy drinking only among individuals carrying a particular genotype of CRHR1. The findings are parallel to recent reports of significant Table 4 .
associations of the short allele of the serotonin transporter gene 5-HTTLPR with depression under life stress (Caspi et al., 2003; Dick et al., 2007) . For alcohol dependence, some studies (e.g., Parsian and Cloninger, 2001 ) have reported association with the long allele of the 5-HTTLPR polymorphism, others have found association with the short allele (e.g., Thompson et al., 2000) , whereas other studies have found no association with either allele (e.g., Dick et al., 2007; Edenberg et al., 1998) . A recent meta-analysis reported that the short allele was significantly associated with alcohol dependence with an odds ratio of 1.18, suggesting a gene of small effect (Feinn et al., 2005) . Given the high co-occurrence of depression with alcohol dependence and the influence of stress on both disorders, we speculated a similar moderating effect of CRHR1 genotype on the interaction with depression. We performed additional genetic association tests in the same 1049 subjects with depression (by DSM-IV) only, alcohol dependence and depression, using the same 10 SNPs in the CRHR1 gene we had tested. No significant association (p < 0.05) was found (data not shown). If the clinical diagnosis phenotype tested was ''alcohol dependence or depression'' (both by DSM-IV criteria), only 4 SNPs that we tested from the CRHR1 gene, rs242924, rs1396862, rs878886, rs878887, resulted in statistical significance (p < 0.05) in the genetic association test. It is plausible that there are different gene variations or different combination of polymorphisms in the CRHR1 gene that moderate the development of depression and alcohol dependence after stressful life events.
In conclusion, the present study demonstrates that variations in the CRHR1 gene are associated with the visual P3 amplitude of the event-related potential and with alcohol dependence. Our findings provide further evidence that brain electrophysiological measures evoked under cognitive conditions as endophenotypes in combination with genetic and other neurobiological information show great promise in deciphering the interaction of the subsystems involved in the pathophysiology of complex neuropsychiatric diseases. We expect that the identification of genes that regulate cognitive processes will be of enormous benefit to the field of psychiatric genetics. In memory of Henri Begleiter and Theodore Reich, Principal and Co-Principal Investigators of COGA since its inception; we are indebted to their leadership in the establishment and nurturing of COGA, and acknowledge with great admiration their seminal scientific contributions to the field.
